We examine the features, origin, turnover, and gene expression of pancreatic macrophages under steady state. The data distinguish macrophages within distinct intrapancreatic microenvironments and suggest how macrophage phenotype is imprinted by the local milieu. Macrophages in islets of Langerhans and in the interacinar stroma are distinct in origin and phenotypic properties. In islets, macrophages are the only myeloid cells: they derive from definitive hematopoiesis, exchange to a minimum with blood cells, have a low level of selfreplication, and depend on CSF-1. They express Il1b and Tnfa transcripts, indicating classical activation, M1, under steady state. The interacinar stroma contains two macrophage subsets. One is derived from primitive hematopoiesis, with no interchange by blood cells and alternative, M2, activation profile, whereas the second is derived from definitive hematopoiesis and exchanges with circulating myeloid cells but also shows an alternative activation profile. Complete replacement of islet and stromal macrophages by donor stem cells occurred after lethal irradiation with identical profiles as observed under steady state. The extraordinary plasticity of macrophages within the pancreatic organ and the distinct features imprinted by their anatomical localization sets the base for examining these cells in pathological conditions.
Macrophages, different sets of DCs, and various innate lymphoid cells (ILCs) inhabit all tissues. Many are normal steady-state residents, whereas others turnover from the circulation (Merad et al., 2013; Spits et al., 2013; Epelman et al., 2014a) . These various tissue-resident myeloid cells participate in defenses against pathogens and in the physiology and homeostasis of the tissue, as well as in important pathological states. Concerning macrophages, their heterogeneity has been found in several organs: macrophages may derive from primitive hematopoiesis in the yolk sac or from definitive hematopoiesis that develops first in the embryonic liver and later in BM (Ginhoux et al., 2010; Gautier et al., 2012; Hoeffel et al., 2012; Schulz et al., 2012; Guilliams et al., 2013; Yona et al., 2013; Epelman et al., 2014b) . Macrophages also have a spectrum of activation states, with different gene signatures. The classical activation state, M1, was defined in the response to IFN-, whereas the alternative activation program, M2, was defined in the response to IL-4 (Sica and Mantovani, 2012; Gordon et al., 2014; Murray et al., 2014) . Indeed, there are gene signatures that define each set. However, there is also a range of gene expression programs among macrophages in response to various stimuli, indicating a spectrum of activation states (Murray et al., 2014) . Based on the expression of typical genes for each state, we refer to the macrophage activation profiles as M1 and M2, but being well aware of their heterogeneity. Examples of resident macrophages with an M2 profile are found in the testis and heart (Pinto et al., 2012; DeFalco et al., 2014) .
The pancreas consists of two very different cellular components, the exocrine component (acinar glands) that secretes digestive enzymes into the intestine and the endocrine component with a few DCs of the CD103 + DC subset (Ferris et al., 2014) . These were in intimate contact with blood vessels, projected extensions into their lumen, captured  cell-derived secretory granules, and had antigen-presenting capacity (Calderon et al., 2008; Mohan et al., 2010; Ferris et al., 2014) . Mouse models of type 2 diabetes showed changes of islet macrophages to a proinflammatory profile (M1; Cucak et al., 2014; Westwell-Roper et al., 2014) . Concerning the exocrine pancreas, macrophages were examined mostly in pathological situations (inflammation after ductal ligation, carbon tetrachlorideinduced pancreatitis, and experimental pancreatic cancer) (islets of Langerhans) that secretes hormones into the blood stream. The pancreatic myeloid cells were first defined by immunohistochemistry using the F4/80 antigen, a marker highly expressed on macrophages (Hume et al., 1984) . In the islets, myeloid cells were examined mainly in the context of mouse models of type 1 and type 2 diabetes (Ehses et al., 2007; Calderon et al., 2008; Melli et al., 2009; Westwell-Roper et al., 2014) . Subsequent studies classified them as macrophages or DCs . We recently reported that the intra-islet myeloid cells in the nonobese diabetic (NOD) mouse were composed mostly of F4/80 + macrophage S1 ). (A and B) Islet-resident myeloid cells were cell surface positive for CD11c, MHC-II, F4/80, CD11b, CD64, lysozyme (LyzM)-GFP, CX 3 CR1-GFP, and CD68 (A) and negative for CD206, CD301, B220, SiglecH, CD19, and Ly6C (B). Data are representative of six independent experiments. LyzM and CX 3 CR1 were examined in LyzM-GFP and CX 3 CR1-GFP reporter mice. (C) Expression of GFP in CD45 + CD11c + MHC-II + gated myeloid cells from islets, spleen, and PLNs of Zbtb46-GFP reporter mice. Data are representative of three independent experiments. (D) Shown is the number of myeloid cells (CD11c + ) in whole islets isolated from Notch2 f/f CD11c-cre reporter mice. Each dot represents the number of CD11c + cells per individual islet, and bars indicate the median. Data are representative of two independent experiments evaluating 50 islets per group. (E and F) RT-PCR evaluation on sorted islet-resident macrophages (F4/80 + ) and the nonleukocyte compartment including endocrine and endothelial cells (CD45  ) for the expression of leukocyte and nonleukocyte genes. Data are pooled from three independent experiments using 10 mice per sort. Bars indicate the mean ± SEM. P-values were calculated using unpaired Student's t test: *, P < 0.05; **, P < 0.01; ***, P < 0.001; NS, P ≥ 0.05. Sample size included two to three samples per experimental group.
The leukocytes of the exocrine pancreas
The leukocytes of the exocrine pancreas (pancreatic stroma) were heterogeneous and comprised three major sets (Fig. 2 A) . The first set (F4/80 + CD11b + in Fig. 2 A) represented 40% of the stromal leukocytes: although all expressed CD11c + , only 60% were MHC-II + , 40% expressed CX 3 CR1 (Fig. 2 C) , and half expressed CD206 and CD301 (Fig. 2 D) . Zbtb46-GFP expression was negative. The second myeloid subset (CD11b + F4/80  ) represented 15% of all CD45 + cells and contained two subsets: one consistent with DCs (CD11c + MHC-II + Zbtb46 + ) and the second with monocytes (Ly6C + and CX 3 CR1 + ; Fig. 2 , A-C). The third subset (F4/80  CD11b  ) represented 40% of the stromal leukocytes (Fig. 2, A-C ). This group contained a variety of cells: 30% DCs (CD11c + MHC-II + , of which 45% of them expressed CD103 and 75% expressed Zbtb46), 30% B cells (MHC-II + CD19 + B220 + ), 23% T cells (CD4 and CD8), and 15% ILCs (IL-17R + CD3e  cells previously described [Clark et al., 2007; Sojka et al., 2014] ; Fig. S2 ). Overall, the stroma showed a complex leukocyte profile composed of macrophages, DCs, monocytes, B cells, T cells, and ILCs.
The expression of MHC-II on islet and stromal macrophages suggests they may be APCs. This has been proven to be the case only on islet macrophages (reviewed in Calderon et al. [2014] ). We examined islet and stromal macrophages (CD206 + and CD206  ) in a known assay system using listeriolysin O (LLO) protein (which requires processing) or the LLO peptide 190-210 (which only requires availability of and limited studies under steady state (Yin et al., 2011; Ino et al., 2014; Xiao et al., 2014) .
Here we examine the life history of the endocrine and exocrine pancreatic phagocytes in the C57BL/6 (B6) mouse under steady state (noninflammatory conditions). We find differences between the two insofar as their embryonic origin and their M1/M2 profiles. These differences are maintained even when the resident macrophages are replaced by BM stem cells after genotoxic insult. Thus, the pancreas anatomy dictates the biology of the macrophage in very specific ways.
RESULTS

The islet-resident leukocytes
Studies have varied on the nature of the islet-resident myeloid cells in nondiabetic mouse strains and in the NOD mouse (reviewed in Calderon et al. [2014] ). These differences may be caused by the techniques used for islet isolation. The degree of contamination of the islet preparation with stromal myeloid cells is of considerable importance because the islets represent a small percentage of the total pancreatic mass (Fig. S1 describes the technical approach used to evaluate islet cells). Direct microscopy of islets has shown the presence of myeloid CD11c + cells closely associated with the intra-islet vessels in small numbers, around 10 per islet (Calderon et al., 2008) . Because of the expression of CD11c, several laboratories, including ours, initially defined them as DCs, but further evaluation shows them to be F4/80 + CD11c + macrophages (Ferris et al., 2014) .
We classified 98% of the islet-resident CD45 + cells as macrophages based on surface marker and gene expression patterns. These cells had high expression of CD11c, MHC-II, F4/80, CD11b, CD64, lysozyme, CX 3 CR1, and CD68 ( Fig. 1 A) . Islet macrophages were negative for mannose receptor 1 (Mrc1; CD206) and macrophage galactose-type C-type lectin (Mgl1/2; CD301; Fig. 1 B) . DCs, plasmacytoid DCs (pDCs), B cells, Ly6C hi monocytes, and neutrophils were undetectable in islets ( Fig. 1 B and Fig. S1 A) . Further validation of the absence of DCs was established using the Zbtb46-GFP reporter mouse. (Zbtb46 is a transcription factor expressed in DCs but not in macrophages, monocytes, or pDCs [Meredith et al., 2012; Satpathy et al., 2012] .) Islets did not contain CD45 + Zbtb46 + cells (Fig. 1 C) . Also, islets of the Notch2 f/f CD11c-cre mouse showed normal number of macrophages (Fig. 1 D) . Notch2 plays an essential role in CD11b + DC development in the gut and spleen (Lewis et al., 2011; Satpathy et al., 2013) .
RT-PCR of flow cytometry-sorted islet macrophages showed expression of Emr1, Itgam, Itgax, Irf8, Lyz2 , and Sfpi1 (Fig. 1 E) . CD3e was negative, making the point of the absence of T cells in the islets. Flt3 and Zbtb46 were not detected, confirming the lack of DCs in the CD45 + F4/80 + islet cells (Fig. 1 F) . Ins1 and Zbtb46 were identified in the CD45  population composed of  cells and endothelial cells; the latter are known to express Zbtb46 at low levels (Satpathy et al., 2012) . In sum, the myeloid cell in the islets of Langerhans of the B6 mouse is a macrophage; no other discernible leukocyte subset is present under steady state (Table 1) . 
+, high expression; +/, low expression; , negative expression.
MHC-II) and standard LLO antigen-specific T cells (Fig. 2 E ; Carrero et al., 2012) . Islet macrophages and stromal CD206  macrophages, which expressed relatively high amounts of MHC-II (Figs. 1 A and 2 F), stimulated T cell response to either LLO protein or peptide (Fig. 2 E) . The CD206 + macrophages had limited ability to present either LLO protein or peptide. This low response most likely resulted from their lower MHC-II expression (Fig. 2 F) . Fig. 3 A) . Nos2 transcripts were not detected in pancreatic macrophages. In contrast, the stromal macrophages showed an M2 profile but with differences between the two: the CD206 + stromal macrophages had high expression of Il10, Mrc1, Mgl1, Mgl2, and Fizz1, whereas CD206  stromal macrophages expressed Mlg1, Mgl2, Ym1, and Fizz1 transcripts (Fig. 3 A) . The stromal macrophages both expressed Arg1, but at levels orders of magnitude lower than the endocrine pancreatic cells. Thus, islet macrophages were skewed to M1, whereas both subsets of stromal macrophages were skewed to M2, albeit with differences among them. Metabolic stress is thought to skew macrophage polarization in tissues like fat (Lumeng et al., 2007; Shaul et al., 2010) , specifically by favoring development of M1 macrophages that in turn promote low-level chronic inflammation (Ferrante, 2013) . To asses whether metabolic stress influences changes on the activation profile of islet and stromal macrophages, 8-wk-old B6 mice were maintained either on high carbohydrate or high fat diet for five consecutive weeks. After 5 wk, mice showed a mean weight gain of 16% and 29% on high carbohydrate or high fat diet, respectively. Mice maintained on regular diet showed 16% weight gain. Islet and stromal macrophages on either diet (Fig. 3 B) showed the same gene expression profile as steady state untreated mice, albeit Fizz1 had approximately six-and fourfold higher expression on stroma macrophages subsets (CD206 + and CD206  , respectively) when compared with steady state. In sum, the basal pancreatic macrophage activation profile was retained after metabolic stresses, but whether there are other gene expression differences besides the ones examined here needs further evaluation. (E) Antigen presentation and T cell activation assay testing sorted macrophages (M, F4/0 + CD11b + ) from islets and the two stromal sets (CD206 + and CD206  ). Macrophages were incubated with no antigen or titrating concentrations of either LLO peptide 190-201 or LLO protein (WW nonhemolytic variant). T cell activation was assessed by IL-2-driven [ 3 H]thymidine uptake and expressed in counts per minute (CPM). Splenic APCs were used for controls. Data presented are representative of two independent experiments performed in duplicate or triplicate. P-values were calculated using the unpaired Student's t test: **, P < 0.01; ***, P < 0.001; NS, P ≥ 0.05. Sample size included two to three samples per experimental group. (F) Mean fluorescent intensity (MFI) for MHC-II of stromal macrophages (CD206 + and CD206  ). Results are pooled from three independent experiments. P-values were calculated using the Mann-Whitney U test: *, P < 0.05. Sample size included four independent experiments per group. Bars show the mean ± SEM. M2 (Il10, Arg1, Mrc1, Mgl1, Mgl2, Ym1, and Fizz1) , and control (Ins1, Ptprc, and Emr1) transcripts were assessed. Transcript expression is pooled from three independent experiments. (B) Pancreatic macrophages were maintained on high carbohydrate or high fat diet for 5 wk and assessed as in A for M1 and M2 transcripts. Comparisons of transcript expression for each pancreatic macrophage subset from two experiments are shown. All bars show the mean ± SEM. P-values were calculated using unpaired Student's t test: *, P < 0.05; **, P < 0.01; ***, P < 0.001; NS, P ≥ 0.05. Sample size included two to three samples per experimental group. Percentages of stromal CD206 + and CD206  macrophages from independent experiments in control, op/op, and Ccr2 / mouse strains. All scatter plots show bars that represent mean values. P-values were calculated using the Mann-Whitney U test: *, P < 0.05; **, P < 0.01; ***, P < 0.001; NS, P ≥ 0.05.
Pancreatic macrophage dependency on CSF-1
Mice lacking functional CSF1 (op/op) show developmental alterations in many organs and absence of macrophages in several tissues, reinforcing the role for macrophages in tissue development and homeostasis (Pollard et al., 1997; BanaeiBouchareb et al., 2004) . The islets of op/op mice were small (Pollard et al., 1997) and had a reduction in the mean number of macrophages (Calderon et al., 2008) . Fig. 4 A shows by direct microscopy that 85% of the islets from op/op mice lacked macrophages, whereas the remaining 15% contained one to four per islet. The islet mean area comparison between control littermates and op/op mice was found to be 40 mm 2 and 20 mm 2 , respectively, indicating a reduced islet size in the op/op mice (Fig. 4 B) . Flow cytometry analysis of op/op islets showed 85% reduction in the number of islet leukocytes and statistical difference by absolute numbers (Fig. 4, C-E) . macrophage (Fig. 4, D and E) . Stromal macrophages contained equal percentages of the two macrophage subsets (CD206 + CD301 + and CD206  CD301  ; Fig. 4 F) . In brief, the maintenance of islet and pancreatic stromal macrophages was CCR2 independent.
Pancreatic macrophages at various times after birth
To address when macrophages can be found in the islets and pancreatic stroma after birth as well as their initial profile, we isolated islets at 1, 2, and 4 wk of age. Islet macrophages (F4/80 + CD11b + ) were found at 1 wk after birth and were negative for CD206 and CD301, but their expression of MHC-II molecules was limited to 35% of the population (Fig. 5) . At 2 wk of age, islet macrophage expression for MHC-II was found to be 80%. By 4 wk of age, islet macrophages resembled the adult profile (F4/80 + CD11b + MHC-II + ). Attempts to isolate pure islets for flow cytometric assessment of resident macrophages before 1 wk of age were not reliable. A previous study identified macrophages embedded within the early islet cluster formation on pancreatic sections at embryonic day (E) 17.5 (Geutskens et al., 2005) . Pancreatic stroma macrophages were identified but reduced in percentage Of the remaining islet leukocytes in the op/op mouse, 40% showed a macrophage profile (F4/80 + CD11b + ), 20% showed F4/80  CD11b + , and the remaining cells (40%) lacked both (Fig. 4 C) . The F4/80  CD11b  cells also lacked CD11c, MHC-II, Ly6C, CD8, Siglec-H, CD103, B220, CD19, and CD3. They may represent an early macrophage precursor.
In contrast to the reduction in islet macrophages in the op/op mice, the pancreatic stromal macrophages were less affected (Fig. 4, C-E) . Although the CD206 + and CD206  macrophages were equally distributed in the B6 mouse, there was a selective loss of the CD206 + macrophages in the op/op mice, but the CD206  were at WT numbers (Fig. 4 F) . To assess whether pancreatic stromal macrophages were dependent on another ligand for their CSFR1, we evaluated IL-34 / mice (Lin et al., 2008; Wang et al., 2012) . IL-34 / mice showed no alteration of pancreatic macrophages (Fig. 4, C 
-E).
Pancreatic macrophage maintenance is CCR2 independent
We also examined B6.CCR2 / mice that have a reduction of Ly6C hi circulating monocytes (Serbina and Pamer, 2006) . B6.CCR2 / mice showed no difference in islets and stromal Islets and stromal macrophages from 1-, 2-, and 4-wk-old mice (gated on live singlets for CD45 + ) were evaluated for expression of F4/80, CD11b, CD11c, MHC-II, Ly6C, CD206, and CD301. Islet macrophages were gated from all CD45 + islet cells, whereas pancreatic stroma macrophages were gated on F4/80 + CD11b + profile (indicated by arrows). Data are representative of two independent experiments at 1 wk and three independent experiments at 2 and 4 wk, each having four to eight mice per time point.
macrophages. Postnatally, fetal liver hematopoiesis is replaced by BM hematopoiesis, which becomes the source of circulating monocytes. The identification of primitive hematopoiesisderived macrophages in the pancreas was previously reported by Schulz et al. (2012) . However, the study did not identify their anatomical location.
To determine the origin of islet-resident macrophages in the adult pancreas, we evaluated the Flt3-cre × Rosa mTmG mouse (Boyer et al., 2011 (Boyer et al., , 2012 . This reporter mouse allows the identification of definitive hematopoiesis (adult hematopoietic stem cell [HSC] derived) by the transient up-regulation of FLT3 in all definitive HSCs as they separate into different lineages (Böiers et al., 2010; Buza-Vidas et al., 2011) . This reporter mouse has constitutive expression of TdTomato in all cells. Upon at 1 wk of age (15%), contained limited expression of MHC-II molecules (8%), and showed the two macrophage sets (CD206 + CD301 + and CD206  CD301  ) in equal percentages (Fig. 5) . At 2 wk of age, the stroma macrophage represented 50% of the leukocytes, 20% expressed MHC-II, and contained the two subsets (CD206 + CD301 + and CD206  CD301  ). By 4 wk of age, stromal macrophages showed similar membrane expression (F4/80, CD11b, and MHC-II) as adult stromal macrophages.
Embryological sources of pancreatic macrophages
We examined the embryonic derivation of the pancreatic macrophages. Embryonic-derived macrophages are generated in two stages. The initial source is during embryonic development by primitive hematopoiesis (E7.5-11.5) found in the yolk sac, where progenitors give rise to macrophages and red blood cells (Lichanska et al., 1999; Lichanska and Hume, 2000; Kumaravelu et al., 2002; Epelman et al., 2014a) . The second source is from definitive hematopoiesis that develops in the fetal liver (E11.5-16.5), generating monocyte-derived macrophages. Replacement of islet macrophages by nonhostderived monocytes was marginal (median of 4.8% from the three independent experiments), indicating that most are long lived with minimal contribution by circulating monocytes (Fig. 7 A) . The same findings were made with the CD206 + CD301 + stromal macrophages (Fig. 7 A, middle and bottom) . In contrast, CD206  CD301  stromal macrophages showed a median of 28.9% chimerism (Fig. 7 A, middle and bottom) . In sum, the only macrophage set that had a continual exchange with circulating blood cells was the CD206  CD301  stromal set.
To assess the extent of in situ macrophage proliferation, islets and stroma were examined at three different time points of BrdU administration. BrdU incorporation by macrophages was not detected after pulses of 2 or 24 h. In contrast, after 7 d of ad libitum BrdU exposure, islet and stromal macrophages were 20-50% BrdU + (Fig. 7 , B and C). Lower numbers of BrdU + cells were identified in islet and CD206 + stroma macrophages. In accordance with their exchange by circulating blood cells shown in the parabiosis results, the CD206  stroma macrophages had a higher amount of BrdU incorporation (Fig. 7 , B and C). PLN macrophage BrdU incorporation was 50% after a 7-d pulse. BM BrdU incorporation at this time point was found to be >95% (Fig. 7, B and C) . Together, these data support the hypothesis that resident macrophages have a long half-life and are self-maintained by in situ proliferation.
Pancreatic macrophages after genotoxic insult
Most tissue-resident macrophages (with the exception of the microglia) can be replaced by BM-derived precursors after lethal irradiation (Haniffa et al., 2009; Ginhoux et al., 2010; Ajami et al., 2011; Hashimoto et al., 2013; Lavin et al., 2014) . We evaluated whether there was replacement of islet and stromal macrophages by donor-derived CD45.1 BM cells transplanted into lethally irradiated B6 CD45.2 mice. After 2 wk of transplantation, donor-derived myeloid cells represented 35% of the CD45 + cells in the islets (Fig. 8 A) . Of these, half showed an islet-resident macrophage profile (F4/80 + CD11b + Ly6C  ), whereas the remaining showed a monocyte profile (CD11b + F4/80 low Ly6C  and CD11b + F4/80 low Ly6C + ). By 3 wk, donor-derived islet macrophages (CD45.1 + ) represented 78% of the total islet myeloid composition with few monocytes present. At 7 and 15 wk, donor-derived islet macrophages had completely replaced the host macrophages (93 and 100%, respectively; Fig. 8 A) and displayed the steady state M1 profile, including expression of Il1b and Tnfa (Fig. 9 C) .
Stromal macrophage replacement after genotoxic insult showed similar kinetics of replacement as the islet macrophages. At 3 and 7 wk after transplantation, 80% of stroma macrophages (F4/80 + CD11b + ) were donor derived (CD45.1 + ), from which 40% expressed Ly6C (Fig. 8 B) . By 15 wk, donor-derived macrophages had completely replaced the host macrophages (98%) and Ly6C expression was minimal, indicating a steady state macrophage profile (Fig. 8 B) . 9 wk after transplant, the donor-derived stromal macrophages We analyzed the F4/80 + CD11b + leukocytes in islets, pancreatic stroma, and pancreatic LNs (PLNs) of the Flt3-cre × Rosa mTmG reporter mice at 13-14 wk of age. Recombination rates driven by Flt3-cre ranged from 82 to 98% in blood monocytes at the time of observation. All islet macrophages were TdTomato  GFP + , indicating them to be adult HSC derived (Fig. 6 A) . The stromal macrophages contained two populations (TdTomato  GFP + and TdTomato + GFP  ), the first being adult HSC derived, whereas the latter may represent macrophages established by any of two embryonic lineages (yolk sac derived and/or fetal monocyte derived; Fig. 6 A) .
To assess whether the contribution of stromal GFP-negative macrophages identified in the Flt3-cre × Rosa mTmG reporter mouse model derived from yolk sac or fetal monocytes, we used the Csf1r-Mer-iCre-Mer × Rosa mTmG mouse model. This model labels yolk sac-derived macrophages (TdTomato  GFP + ) by the administration of tamoxifen at E8.5 (Fig. S3 B ; Schulz et al., 2012; Epelman et al., 2014a) . The labeling efficiency of macrophages at E10.5 was found to be 40%. The presence of yolk sac-labeled macrophages was evaluated in the pancreas at 10 wk of age. Islet-resident macrophages showed only the presence of TdTomato + GFP  (Fig. 6 B) , indicating them not to be yolk sac derived and in agreement with the Flt3-cre mouse model results. Stromal macrophages showed the presence of 10% TdTomato  GFP + , indicating the contribution of yolk sac-derived macrophages in the pancreatic stroma.
We conclude that from the 54% stromal macrophages that were not HSC derived (Fig. 6 A) , about half originated from yolk sac, primitive hematopoiesis, whereas the rest were of undetermined origin but likely derived from fetal liver monocytes. From a previous published study using these same mice, adult brain microglia remained labeled at 30% (Epelman et al., 2014a) , indicating that yolk sac-derived macrophages labeled at E8.5 persisted at 10 wk of age (Fig. 6 B) .
Interestingly, in the Flt3-cre × Rosa mTmG reporter mouse model the TdTomato + GFP  stromal macrophages (yolk sac derived and/or fetal monocyte derived) expressed both CD206 and CD301, whereas the adult HSC-derived stromal macrophages (TdTomato  GFP + ) did not (Fig. 6 C) . Further evaluation for the distribution of CD206 + and CD206  macrophages on pancreatic sections identified a preferential localization of the CD206 + subset to the periductal area (Fig. 6 D) . In sum, the pancreas has macrophages from different lineages in distinct anatomical sites: the islet macrophages derive from adult HSCs and have an M1 profile; the stromal macrophages have two distinct origins, yet both sets have an M2 gene expression profile.
Replacement and proliferation rates among pancreatic macrophages
To examine the turnover rates of islet and stromal macrophage, CD45.1 + and CD45.2 + mice were joined in parabiosis. After 6 wk, islets and stroma were examined for the presence of CD45.1 + or CD45.2 + cells in each partner. Blood Ly6C hi monocyte chimerism was 30%. The percentage of blood chimerism was used to normalize percentages of nonhost-derived DISCUSSION Each tissue conditions the physiology of the macrophages and sets up a potentially symbiotic relationship between their resident cells and the macrophages. Our study adds the pancreas to the series of studies examining the macrophage populations of different organs and documents the plasticity of this lineage (Murray and Wynn, 2011; Epelman et al., 2014b; Murray et al., 2014) . Although several studies have evaluated pancreatic macrophages (Hume et al., 1984; Banaei-Bouchareb et al., 2004; Geutskens et al., 2005; Ehses et al., 2007; Calderon et al., 2008 Calderon et al., , 2014 Melli et al., 2009; Mohan et al., 2010; Yin et al., 2011; Cucak et al., 2014; Ferris et al., 2014; Ino et al., 2014; Westwell-Roper et al., 2014; Xiao et al., 2014) , this is the first study to examine their origin, turnover, and functional features divided into two subsets (CD206 + CD301 + and CD206  CD301  ), which corresponded to the two stromal macrophage subsets under steady state (Fig. 9, A and B) . Both donorderived stromal macrophage subsets maintained an M2 profile, as seen under steady state (CD206 + macrophages had high expression of Il10 and Fizz1, whereas CD206  macrophages expressed Ym1 and Fizz1 transcripts; Fig. 9 C) .
In conclusion, myeloablation by -irradiation allowed the entry of donor-derived myeloid cells that then differentiated into resident macrophages. Islet and stromal macrophages differentiated and maintained a similar activation profile as seen under steady state, suggesting that each tissue region (endocrine or exocrine component of the pancreas) modulated the properties of the macrophage lineage. Macrophages in islets under steady state had features of activation, including high expression of class II MHC molecules, effective antigen presentation to T cells, and also having an M1-like activation profile (Il1b and Tnfa transcripts). In contrast to the islets, the macrophages of the acinar stroma showed a M2 polarization and were composed of two subsets, one being high on MHC-II expression and antigen presentation, whereas the second showed low MHC-II, limited antigen presentation, and preferential localization to the periductal area. The function of these sets of macrophages is not apparent, whether they regulate angiogenesis or lymphogenesis is one speculation. To be noted is that the functional features were not noticeably changed by high fat or carbohydrate diet. These resident stromal macrophages could be involved in the fibrogenesis that accompanies ductal adenocarcinoma (Chu et al., 2007; Clark et al., 2007) . One study showed the presence of M2-like macrophages involved in the regeneration of at both the exocrine and endocrine sites under noninflammatory conditions (steady state).
The pancreas was notable for the differences between the macrophages residing in the interacinar stroma and those within the islets of Langerhans. Both sites contained long-lived cells that interchanged to a minimum with blood monocytes, an issue that was made very clear in the parabiosis experiments. Also, both were affected, albeit to variable degree, by CSF1 deficiency. The major distinguishing features concerned their origin, expression profiles, and turnover. As first recorded by Schulz et al. (2012) , about half of the pancreatic macrophages are derived from primitive hematopoiesis. Our studies pinpoint the novel feature that these set of macrophages reside exclusively in the stroma, whereas those in the islets are entirely derived from definitive hematopoiesis (adult HSC derived; Fig. S4) .
A second important difference between the two sets of macrophages concerned their functional characteristics. DCs under the control of the Batf3 transcription factor; the latter were essential for the initiation of the autoimmune process (Ferris et al., 2014) . The CD103 + DC is not found in the B6 mouse strain, suggesting that its presence is not homeostatic, but pathogenic in the context of the islet. The islet macrophages captured diabetic antigens, were always next to blood vessels, and protruded cytoplasmic extensions into their lumen (Calderon et al., 2008 . As shown now, these are long lived cells and have an islet support function very evident in the op/op mouse. The presentation of diabetic antigens by islet macrophages is not strictly linked to the NOD. In B10.BR mice we also showed that they contained antigens from  cells and could present them to T cells (Calderon et al., 2008) . It remains unknown whether the earliest diabetogenic APC in the islet that primes T cells is the macrophage and/or the CD103 + DC, which is an area of current investigation.
Islet macrophages have also been discussed in the context of the metabolic changes taking place in type 2 diabetes (Ehses et al., 2007; Richardson et al., 2009; Westwell-Roper et al., 2014) . In the limited analysis made here, macrophages the pancreas after pancreatic duct ligation, but there was no untreated stromal macrophage evaluation (Xiao et al., 2014) .
Turnover rates of the resident macrophages vary greatly in the degree of replacement by monocytes (Ginhoux et al., 2010; Hoeffel et al., 2012; Guilliams et al., 2013; Hashimoto et al., 2013; Yona et al., 2013; Bain et al., 2014; Epelman et al., 2014a,b; Molawi et al., 2014) . The islet macrophage was long lived, not replaceable by blood monocytes under steady state, self-replicating, and was displaceable only after lethal irradiation. To add to the issue of the plasticity of the lineage, although the primitive hematopoiesis-derived stromal macrophages were M2, expressed CD206/CD301, and were long lived, the stromal set derived from definitive hematopoiesis were also M2 but lacked the CD206/CD301 markers and were replaceable by blood monocytes. Thus, it appears that the stromal milieu sets the response of the macrophages.
Our laboratory has paid much attention to the resident islet phagocytes in the context of our interest in examining the presentation of diabetogenic antigens. A recent study in the diabetic-prone NOD mouse established the presence of the islet macrophages together with a small set of CD103 + Arg1, Mrc1, Mgl1, Mgl2, Ym1, and Fizz1) , and control (Ins1, Ptprc, and Emr1) transcripts were assessed. Transcript expression is pooled from two independent experiments performed in duplicate. Bars represent the mean ± SEM. P-values were calculated using the unpaired Student's t test: *, P < 0.05; **, P < 0.01; ***, P < 0.001; NS, P ≥ 0.05. Sample size included two samples per experimental group.
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label yolk sac macrophages (Schulz et al., 2012) . B6.CCR2 / mice were provided by W.M. Yokoyama. B6.IL-34 / mice were provided by M. Colonna (Washington University in St. Louis; Wang et al., 2012) . B6.CSF1-deficient mice (B6;C3Fe a/a-Csf1 op /J; op/op) and B6-Ly5.1 (CD45.1) were obtained from the Jackson Laboratory. All experiments were approved by the Division of Comparative Medicine of Washington University School of Medicine in St. Louis (Association for Assessment and Accreditation of Laboratory Animal Care, accreditation number A3381-01). CD45.2 and CD45.1 B6 female mice controlled for age and weight were parabiosed by matching longitudinal skin incisions on the flanks. Their elbows and knees were then joined with dissolvable sutures, and the incisions were closed with wound clips. Postoperative care included administration of Buprenex compound for pain management, 5% dextrose, and 0.9% sodium chloride. Nutritional gel packs were provided in each cage and antibiotics (Sulfatrim) in the drinking water for the duration of the experiment (Peng et al., 2013; Sojka et al., 2014) . For BM transplantation experiments, CD45.2 B6 mice were irradiated (950 cGy, two split doses, 5 h apart) and were given 5 × 10 6 total BM cells from CD45.1 B6 mice. For experimental mice on high carbohydrate or high fat diet, 8-wk-old female B6 mice were maintained for 5 wk on 70% carbohydrate with adjusted vitamins or 60% fat adjusted chow (Teklad; Harlan Laboratories, Inc.) and followed for weight gain weekly.
Histology. B6 pancreata were frozen and embedded in Tissue-Tek (Sakura). Tissue sections were stained for 1 h at room temperature with Alexa Fluor 647 anti-CD68 (FA-11) and Alexa Fluor 488 anti-CD206 (C068C2; BioLegend) using CAS-Block Histochemical Reagent (Life Technologies) as the diluent and finally washed three times in PBS for 5 min each. DAPI mounting medium (Vector Laboratories) was used for nuclear staining. Microscopy imaging was performed using an Eclipse E800 microscope (Nikon) equipped with CFI Plan Apo Lambda DM 20× air objective, EXFO X-Cite 120PC light source (EXFO), EXi blue fluorescence microscopy camera, and QCapture 64-bit v2.9.13 acquisition software (QImaging).
Islets and pancreatic stroma isolation. Pancreata were perfused through the common bile duct (5 ml HBSS without calcium supplemented with collagenase), removed, and digested in a 37°C water bath for 15 min. After shaking for 90 s, pancreata were washed three times and passed through a 70-µm cell strainer to retain the islets (Salvalaggio et al., 2002; Li et al., 2009 ). The content passed through the 70-µm cell strainer represented the pancreatic stroma. Islets retained on the cell strainer were flushed from the filter onto a Petri dish for hand-picking using a zinc-chelating dye (Dithizone; Sigma-Aldrich; 200 µg/ml of 10% DMSO PBS) for islet identification. Pure hand-picked islets were dispersed via Cell Dissociation Solution Non-Enzymatic (Sigma-Aldrich) for 10 min at 37°C. Single cell suspensions were washed and treated with Fc block antibody (clone 2.4G2) conditioned media (PBS, 1% bovine serum albumin, 0.1% NaN 3 , and 10% 2.4G2 in DMEM) at 4°C for 15 min. Cells were then stained with fluorescent antibodies for flow cytometry and for sorting. Whole islet evaluation by immunofluorescence for total number of CD11c + cells and islet area was performed by first incubating 50-100 isolated islets in 50 µl DMEM with 10% FCS plus Fc block antibody for 15 min at 4°C, followed by a second incubation on ice for 45 min using 40 µg/ml anti-CD11c (N418; BioLegend). Islets were finally washed free of the antibody and fixed in 2% paraformaldehyde before examination.
Antibodies for flow cytometry and cell sorting. Flow cytometry was performed using a FACSCanto II (BD), and data were analyzed using FlowJo X software (Tree Star). Cell sorting was performed using a FACSAria II (BD). The following antibodies were purchased from BioLegend: BV510 anti-CD45 (30-F11), Pacific Blue (PB) anti-I-A/I-E (pan MHC-II), FITC anti-CD4 (RM4-5), (M5/114.15.2), APC and PerCP-Cy5.5 anti-F4/80 (BM8), PE-Cy7 anti-CD11b (M1/70), APC-Cy7 and Alexa Fluor 488 antiCD11c (N418), PE anti-CD103 (2E7), PerCP-Cy5.5 anti-Ly6C (AL-21), PerCP-Cy5.5 anti-B220 (RA3-6B2), Alexa Fluor 647 (551), FITC anti-CD8 (53-6.7), PB anti-Ly6G (1A8), APC anti-CD64 (X54-5/7/1), Alexa Fluor 647 anti-CD68 (FA-11), PE anti-CD19 (1D3), PB anti-CD45.1 from mice fed a high carbohydrate or high fat diet had the same functional features in the sense of an M1 polarization in islets but maintained the M2 features in the stroma. This finding is different from the macrophages of adipose tissue that change from their basal M2 profile to an M1 in obese mice (Lumeng et al., 2007; Shaul et al., 2010) .
As in other tissues, the resident macrophages were replaced by BM cells under myeloablative procedures. This allowed us to examine how the new macrophages were differentiating in the two anatomical sites. We showed the same biochemical features from their basal state, i.e., M1 in islets and M2 in the stroma. We are unsure how the distinction between stromal and islet macrophages is established. Several potentially overlapping events may be taking place that need to be determined. Is it possible that the earliest macrophage precursors are precommitted to a particular role (M1/M2, supportive, or immune protective, etc.) and that the local microenvironment provides the recruiting and retention signals specific for the needed cell type? Alternatively, is the nascent macrophage a truly "blank-slate" or in a so-called "M0" condition and able to turn on gene expression networks suitable for the environment it senses? For example, the high proteolytic and bicarbonaterich environment of the stroma could be sensed as a distinct environment from the hormone-rich environment of the islets of Langerhans and lead to functional specialization that allows the macrophage to support the different cells present in these environments (Gosselin et al., 2014; Lavin et al., 2014) . Finally, can this phenotypic profile be influenced by drugs to intervene in the many diseases that are linked to macrophage function/dysfunction? Future studies should aim to examine how each anatomical site conditions the two sets of resident macrophages in the pancreas. It is likely that the paradigm of location-specific macrophage pools that we uncover in the pancreas can be extended to other organs. Most organs are known to contain more than one resident macrophage phenotype. The diversity of splenic macrophage phenotypes with respect to location is well appreciated but poorly understood or explored. Distinct resident macrophages have been demonstrated in the lung, peritoneum, and heart (Hashimoto et al., 2013; Yona et al., 2013; Epelman et al., 2014a) . In these organs, minimal evaluation has been performed on the possibility that the distinct phenotypes are driven by distinct macrophage localization within the organ. In brief, in the last few years, macrophage biologists have come to appreciate the diversity of these subsets within different organs. Our findings push this consideration further by highlighting the crucial need to consider intraorgan anatomy as the field moves into the future.
MATERIALS AND METHODS
Mice. B6 mice were obtained from the National Cancer Institute and bred in our facility. B6.Zbtb46 GFP/+ and B6.Notch2 f/f CD11c-cre mice were provided by K.M. Murphy (Satpathy et al., 2012 (Satpathy et al., , 2013 . B6.CX 3 CR1 GFP/+ and B6.LyzM GFP/+ mice were provided by G.J. Randolph. B6.Flt3-cre × Rosa mTmG and B.6.Csf1r-Mer-iCre-Mer × Rosa mTmG mice were provided by S. Epelman (Boyer et al., 2011; Epelman et al., 2014a) . Csf1r-Mer-iCre-Mer × Rosa mTmG pregnant mice received 2 mg tamoxifen gavaged in 100 µl corn oil at E8.5 to RNA isolation and real-time PCR. Total RNA from sorted islet cells was isolated using the Ambion RNAqueous-Micro kit (Life Technologies) according to the manufacturer's instructions. RNA was quantified by OD260 using NanoDrop (Thermo Fisher Scientific; Ferris et al., 2014) . cDNA was made from total RNA using TaqMan Reverse Transcription Reagents (Life Technologies) according to the random hexamer protocol. Primers for quantitative RT-PCR (qRT-PCR) were designed using the PrimeTime predesigned qPCR assays (IDT DNA). PrimeTime primers used 5-nuclease detection technology and Primer Bank primers used SYBR Green I detection technology. PCR was performed using SSOFast Probes Supermix (Bio-Rad Laboratories) on a StepOnePlus Real-Time PCR system running StepOne Software (Applied Biosystems). Quality control and relative expression quantification for qPCR were performed by the StepOne 2.1 software.
APC assay. Islet macrophages and sorted CD206 + and CD206  stroma macrophages were culture in DMEM + 10% FCS. 10 mice were pooled and the assay was run in duplicate. 2 × 10 4 cells were plated and incubated with LLO peptide (190) (191) (192) (193) (194) (195) (196) (197) (198) (199) (200) (201) or a nonhemolytic variant of the LLO protein (LLOWW) for 2 h at 37°C (Carrero et al., 2012) . 2 × 10 5 irradiated splenocytes served as positive controls. T cell hybridoma (5 × 10 4 cells) was added for 16 h. Culture supernatants were tested for IL-2 production by CTLL-2 proliferation assay using [ 3 H]thymidine incorporation and expressed in counts per minute. All antigen presentation assays were performed in 200-µl final volume in 96-well tissue culturecoated flat-bottom plates (Corning).
Statistical analysis.
Mann-Whitney U test or Student's t test was used to determine the level of significant differences between samples. Statistics were calculated and data were plotted using Prism 6 (GraphPad Software).
Online supplemental material. Fig. S1 shows islet gating strategy and examination. Fig. S2 shows stroma evaluation of F4/80  CD11b  leukocytes. Fig. S3 shows mouse models to evaluate ontogeny of pancreatic macrophages. Fig. S4 shows the multiple origins of pancreatic macrophages and their maintenance. Online supplemental material is available at http://www .jem.org/cgi/content/full/jem.20150496/DC1.
